In this article, we study the doubly heavy baryon states Ξcc, Ωcc, Ξ bb and Ω bb in the nuclear matter using the QCD sum rules, and derive three coupled QCD sum rules for the masses, vector self-energies and pole residues. The predictions for the mass-shifts in the nuclear matter ∆MΞ cc = −1.11 GeV, ∆MΩ cc = −0.33 GeV, ∆MΞ bb = −3.37 GeV and ∆MΩ bb = −1.05 GeV can be confronted with the experimental data in the future.
Introduction
In 2002, the SELEX collaboration reported the first observation of a signal for the doubly charmed baryon state Ξ + cc in the charged decay mode Ξ + cc → Λ + c K − π + in the charm hadro-production experiment (E781) at Fermilab [1] , and confirmed later by the same collaboration in the decay mode Ξ + cc → pD + K − with the measured mass M Ξcc = (3518.9±0.9) MeV [2] . And there have been several theoretical approaches to calculate the doubly heavy baryon masses [3] . In Ref. [4] , we study the J P = − doubly heavy baryon states with the QCD sum rules, and make reasonable predictions for their masses. The QCD sum rules are a powerful theoretical tool in studying the ground state hadrons both in the vacuum and in the nuclear matter, and have given many successful descriptions of the hadron properties [5] . In Ref. [6] , we study the Λ-type and Σ-type heavy baryon states in the nuclear matter using the QCD sum rules, and obtain three coupled QCD sum rules for the masses, vector self-energies and pole residues in the nuclear matter. In this article, we extend out previous works [4, 6] to study the properties of the doubly heavy baryon states Ξ cc , Ω cc , Ξ bb and Ω bb in the nuclear matter. The mass-shifts of the heavy mesons, heavy baryons and doubly heavy baryons differ greatly from the corresponding ones of the light mesons and light baryons due to the appearance of the heavy quarks, the full propagators of the heavy quarks in the nuclear matter undergo much slight modifications compared with that of the light quarks, the gluon condensates are slightly modified in the nuclear matter. The upcoming FAIR (facility for antiproton and ion research) project at GSI (heavy ion research laboratory) provides the opportunity to extend the experimental studies of the hadron properties in the nuclear matter into the charm sector [7] , the present predictions can be confronted with the experimental data in the future. The ground state light-flavor hadrons in the nuclear matter have been studied extensively with the QCD sum rules [8, 9, 10] , the heavy quarkonia J/ψ, η c in the nuclear matter have also been studied with the QCD sum rules [11] , while the works on the heavy mesons in the nuclear matter are few [12] .
The article is arranged as follows: we study the doubly heavy baryon states Ξ QQ and Ω QQ in the nuclear matter with the QCD sum rules in Sec.2; in Sec.3, we present the numerical results and discussions; and Sec.4 is reserved for our conclusions.
2 The doubly heavy baryons in the nuclear matter with QCD sum rules
We study the doubly heavy baryon states Ξ QQ and Ω QQ in the nuclear matter with the two-point correlation functions Π(p),
where the i, j, k are color indexes, Q = c, b, the C is the charge conjunction matrix, and the |Ψ 0 is the nuclear matter ground state. We use the current J q (x) to interpolate the Ξ QQ , and obtain the current J s (x) to interpolate the Ω QQ with a simple replacement q → s. The correlation functions Π(p) can be decomposed as
according to Lorentz covariance, parity and time reversal invariance [8, 9] . In the limit four-vector
, where i = s, p, u. We insert a complete set of intermediate doubly heavy baryon states with the same quantum numbers as the current operators J q (x) into the correlation functions Π(p) to obtain the hadronic representation [5] , then isolate the ground state contributions of the doubly heavy baryons Ξ QQ , and use the dispersion relation to recast the three components Π i (p 0 , p) into the following form:
where
ΞQQ and λ * ΞQQ are the masses, vector self-energies and pole residues of the doubly heavy baryon states Ξ QQ respectively in the nuclear matter.
We carry out the operator product expansion in the nuclear matter at the large space-like region p 2 ≪ 0, and obtain the spectral densities at the level of quark-gluon degrees of freedom, then take the limit u µ = (1, 0) , and obtain the three components Π i (p 0 , p) of the correlation function Π(p) [8, 9] :
where the C i n (p 0 , p) are the Wilson coefficients, O n ρN = Ψ 0 |O n |Ψ 0 = O n + ρ N O n N at low nuclear density in the linear approximation, the O n and O n N denote the vacuum condensates and the nuclear matter induced condensates, respectively. We can obtain the imaginary parts of the QCD spectral densities through the formula
We match the hadronic spectral densities with the QCD spectral densities, and multiply both sides with the weight function (ω − E p )e
to exclude the negative quasi-particle contributions, and obtain the following three QCD sum rules:
where 
Numerical results and discussions
The input parameters are taken as q † q ρN = 
MeV, m s = 0.13 GeV, m c = 1.35 GeV and m b = 4.7 GeV at the energy scale µ = 1 GeV [9, 10] .
We can recover the QCD sum rules in the vacuum by taking the limit ρ N = 0, then differentiate the Eqs. (8) (9) with respect to 1 T 2 respectively, and eliminate the pole residues λ ΞQQ (here we smear the asterisk * to denote the pole residues in the vacuum), and obtain two QCD sum rules for the masses M ΞQQ with respect to the spinor structures p and 1, respectively. On the other hand, we can divide Eq. (9) by Eq. (8) to obtain the QCD sum rules for the masses M ΞQQ . From Eq. (10), we can see that if we take the limit ρ N = 0, Σ v ΞQQ = 0, due to appearance of the term mρN , however, such terms are small enough to be neglected safely. The QCD spectral densities from the operator product expansion in the vacuum and in nuclear matter by taking the limit ρ N = 0 have slight discrepancies, the discrepancies cannot result in remarkable differences on the masses and pole residues.
In Ref. [4] , we study the doubly heavy baryon states Ξ QQ and Ω QQ by subtracting the possible contributions from the corresponding negative-parity doubly heavy baryon states with the QCD sum rules. In that reference, we choose the spinor structure 1 + γ 0 , take the Borel parameters as
, and obtain the masses M Ξcc = (3.57 ± 0.14) GeV, M Ωcc = (3.71±0.14) GeV, M Ξ bb = (10.17±0.14) GeV, M Ω bb = (10.32±0.14) GeV. The predictions are consistent with the value from the SELEX collaboration M Ξcc = (3518.9 ± 0.9) MeV [1, 2] . For the technical details, one can consult Ref. [4] .
In this article, we choose the spin structures 1, p and u, see Eq. (2), take the continuum threshold parameters as s [4] , and vary the Borel parameters T 2 to reproduce almost the same masses as Ref. [4] . In calculations, the Borel parameters are taken as
The interpolating currents J q (x) have nonvanishing couplings to both the positive-and negativeparity doubly heavy baryon states. For the QCD sum rules in the nuclear matter, we cannot choose the spinor structure 1 + γ 0 to avoid the possible contaminations from the negative-parity doubly heavy baryon states. In this article, we choose the spinor structures 1 and p in stead of the spinor structure 1 + γ 0 in the limit ρ N = 0, the ratios between the negative-and positive-parity contributions are about −(0 − 9)% and −(4 − 8)% in the charm and bottom sectors, respectively [4] . For the technical details, one can consult Ref. [4] . The contaminations from the negative-parity doubly heavy baryon states are rather small. We can also take into account the contributions from the negative-parity doubly heavy baryon states explicitly as Ref. [13] , and perform detailed analysis, the tedious analysis maybe our next work.
If we take the limit m u = m d = m q → 0 in the QCD sum rules for the nucleons, the hadronic parameters M * N and Σ v N in the nuclear matter can be approximated as
respectively. Such relations are simple and elegant, however, the predictions change monotonously with variations of the Borel parameter T 2 . In the present case, if we take the limit m q → 0 and neglect other terms of minor importance, we can obtain the following relations,
from Eqs. (8-13 , we expect that the mass modifications are smaller than that of the nucleons, which have three light quarks, uud or udd, and the approximation in Eq. (15) makes sense.
If we take into account the uncertainties of the continuum threshold parameters, δs
GeV, δ∆M Ωcc = ±0.01 GeV, δ∆M Ξ bb = ±0.10 GeV, δ∆M Ω bb = ±0.04 GeV for the mass-shifts ∆M are introduced. The uncertainty δy = ±0.3 leads to the uncertainties δ∆M Ωcc = ±0.43 GeV and δ∆M Ω bb = ±1.13 GeV. The uncertainty δσ N = 10 MeV leads to the uncertainties δ∆M Ξcc = ±0.37 GeV, δ∆M Ωcc = ±0.10 GeV, δ∆M Ξ bb = ±1.05 GeV and δ∆M Ω bb = ±0.27 GeV, respectively.
We can also take into account the perturbative O(α n s ) corrections in the leading logarithmic approximation through multiplying the QCD spectral densities by the anomalous-dimension fac-tors, The masses in the vacuum and in the nuclear matter are increased significantly, we can normalize the masses in the vacuum to the values M Ξcc = 3.53 GeV, M Ωcc = 3.61 GeV, M Ξ bb = 10.14 GeV, M Ω bb = 10.27 GeV, and estimate the uncertainties of the mass-shifts due to the energy scales as
δ∆MΩ bb ∆MΩ bb = (6 − 8)%. We can refit the Borel parameters and threshold parameters to reproduce the experimental data approximately [2] , the Borel parameters (or the effectively energy scales) and the threshold parameters have some correlations. In calculations, we observe that larger threshold parameters can lead to smaller masses and cancel out the enhanced factors induced by the non-zero anomalousdimensions in Eq. (16), however, the contributions from the high resonances and continuum states are included in. So we can fix the threshold parameters and take larger Borel parameters to cancel out those enhanced factors, see Eqs. (14) (15) , then the uncertainties of the mass-shifts induced by the energy scales are about a few percents, and can be neglected safely. On the other hand, we can introduce Borel parameter dependent threshold parameters and study the systematic uncertainties [14] , it is a hard work before the experimental data are enough and the precise values of the pole residues are known, we postpone those works in the future.
If we take the Ioffe current to interpolate the proton, the QCD sum rules indicate that there exists a positive vector self-energy Σ v N = (0.23 − 0.35) GeV with the typical values of the relevant condensates and other input parameters and a reasonable negative scalar self-energy with the suitable parameters [9] . There exists substantial cancelation between the scalar and vector selfenergies, the self-energies Σ 
04 GeV, the net optical potentials S + V are large, as the self-energies |Σ v | ≪ |Σ s |. The present prediction of the mass-shift δM Ξcc = −1.11 GeV can be confronted with the experimental data from the CBM andPANDA collaborations in the future [7] , where the properties of the charmed baryons in the nuclear matter will be studied. The Ξ cc have interesting properties, for example, the theoretical predictions of their lifetimes based on different quark models are in agreement with each other [15] , but about one-order larger than the upper limit of the experimental data [1] . The precise measurement of the lifetime by thePANDA and LHCb collaborations in the future maybe shed light on the apparent discrepancy.
Conclusion
In this article, we extend our previous works on the Λ-type and Σ-type heavy baryon states to study the doubly heavy baryon states Ξ QQ and Ω QQ in the nuclear matter using the QCD sum rules, and derive three coupled QCD sum rules for the masses, vector self-energies and pole residues in the The masses from the QCD sum rules in the vacuum and in the nuclear matter versus the Borel parameter T 2 , the A, B, C and D denote the Ξ cc , Ω cc , Ξ bb and Ω bb baryons, respectively. nuclear matter, then take the limit ρ N = 0 to recover the QCD sum rules in the vacuum, finally obtain the values of the masses and pole residues in the vacuum, and the masses, vector self-energies and pole residues in the nuclear matter. The numerical results indicate that the mass-shifts in the nuclear matter are about ∆M Ξcc = −1.11 GeV, ∆M Ωcc = −0.33 GeV, ∆M Ξ bb = −3.37 GeV and ∆M Ω bb = −1.05 GeV, respectively, which can be confronted with the experimental data in the future.
